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By combining optical time.division-multiplexing (TDA4) and wavelength division-multiplexing 
(WDM) with a single super-continuum light source NTT Corp. has successfully conducted an 
ultra-fast, large-capacity optical transmission experiment at 400 Gbitls (equivalent to sending 
100 years of newspapers in a second) over a distance of 1 O0 km. Having already confirmed 
that the PLL timing extraction circuit and all optical time-division demultiplexer are able to 
function at 400 Gbitls and 200 Gbitls, respectively, NTT plans to continue R&D efforts 
to develop an optical transmission system exceeding 1 T bitls. 
I 
n the experiment, a total trans- 
mission capacity of 400Gbit/s 
(100Gbit/s x 4 channel) was 
achieved by carrying information at 
100Gbit/s on each of the 4 ps pulse 
streams of different wavelengths ex- 
tracted from a single super-conti- 
nuum.  NTT c la ims  that  the  
exper iment was the world's first 
experiment o combine TDM and 
WDM technologies for large-capacity 
transmission, see Figure 1. At present, 
NTT has confirmed TDM transmis- 
sion characteristics of the super- 
continuum light source at 200Gbit/s 
at a single wavelength channel, and 
over a WDM wavelength range of 20 
THz (corresponding to more than 20 
wavelengths). By combining these 
mul t ip lex ing techn iques ,  Tb i t /s  
transmission is well within reach. 
Deve lopment  
Ultra-fast, large-capacity ransmission 
technology that enables a transmis- 
sion rate of more than one Tbit/s is 
essential to construct an information 
infrastructure for  the 21st Century; 
and multiplexing techniques are cri- 
tical to the realization of such tech- 
nology. Multiplexing technology is 
intended to simultaneously send as 
much information as possible in an 
optical fibre, and is divided into two 
types: t ime-division mult iplexing 
Figure 1.Transmission speed of single TDM channel (Gbit/s). 
(TDM) puts together multiple pulse 
trains by arranging them in such a 
way that they do not overlap in time; 
and wavelength-division - multiplex- 
ing (WDM) puts together multiple 
signals of different wavelengths and 
transmits them in an optical fibre. 
In February 1995, NTF successfully 
transmitted optical signals at 100 
Gbit/s over 500 km and at 200 
Gbit/s over 100km based on ultra- 
fast TDM transmission technology, 
performing as a leader in time-divi- 
sion multiplexing technology. Re- 
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search has also been carried out on 
WDM technology on an international 
basis, with one experiment reporting 
a total record capacity of 340 Gbit/s 
(= 20 Gbit/s x 17 WDM channel). 
However, such a capacity was 
achieved using a conventional wave- 
length - division-multiplexing techni- 
que in which the data rate of one 
wavelength channel was no more 
than 20 Gbit/s based on the electrical 
time-division multiplexing, and the 
transmission capacity was only 
ac.hieved by increasing the number 
of WDM channels. Therefore, it is not 
likely that a substantial increase in 
transmission capacity can be ex- 
pected using a conventional ap- 
proach that does not use optical 
time-division-multiplexing, a key 
technology for ultra-fast, large-capa- 
city transmission. Moreover, in the 
conventional method, multiple semi- 
conductor lasers whose oscillating 
wavelengths are precisely selected 
and controlled have to be used 
depending on the number of WDM 
channels used, creating significant 
issues, such as reliability, stability, 
and cost of the light source. 
Light source 
NTT conducted the present experi- 
ment by taking full advantage of the 
super-continuum light source's char- 
acteristics: ultra-wide bandwidth and 
short pulse width. The optical trans- 
mitter selects four pulse streams of 
different wavelengths from a single 
super-continuum light source by 
using a WDM demultiplexer (WDM- 
DEMUX), multiplexes 6.3 Gbit/s 
pulse signals by 16 through optical 
time-division-multiplexing to gener- 
ate 100 Gbit/s signals at each wave- 
length, and further multiplexes the 
four 100Gbit/s pulse streams by 
using a WDM multiplexer (WDM- 
MUX) (see upper part of Figure 2.) 
The mul t ip lexed  400 Gbi t /s  
(100Gbit/s x 4 wavelength) signals 
are then coliectively amplified by a 
broadband erbium-doped fibre ampli- 
fier (EDFA) and transmitted in a 100 
km optical fibre transmission line. 
The optical receiver demultiplexes 
the 400 Gbit/s signals into four 
wavelength channels of 100 Gbit/s 
signals by using a WDM demulfiplex- 
er (WDM-DEMUX).100 Gbit/s signals 
on each wavelength are divided into 
two; one part is led to a prescaled PL 
timing extraction circuit to extract a
Figure 2. Schematic of super-continuum light source. 
6.3 GHz clock; and the second is led 
to an ali-optical TDM demultiplexer 
(TDM-DEMUX) circuits to demulti- 
plex 100 Gbit/s signals into 16 
channels of 6.3 Gbit/s signals driven 
by the clock generated from the PLL 
timing extraction circuit ( see lower 
part of Figure 2). 
Based on this configuration, NTF 
has succeeded in sending optical 
multiplexed signals at a total capacity 
of 400 Gbit/s over a 100 km optical 
fiber without causing bit errors. As 
well, the company has proved that 
the newly-developed super-conti- 
nuum light source is promising as 
an optical source for time-division- 
multiplexing and wavelength-division 
multiplexing. 
i. Development of super-conti- 
nuum light source 
The key device that made 400 
Gbit/s optical transmission possible 
was a newly-developed super-conti- 
nuum light source (referred to as 
super light source). The new light 
source has a wide emission spectrum 
of 200 nm with a corresponding 
bandwidth of 25 THz (one trillion 
Hz), and is able to generate multiple 
streams of coherent (low-noise) 
short optical pulses of arbitrary cen- 
tre wavelengths within the spectrum. 
Therefore, by selecting multiple-wa- 
velength components from the single 
super-continuum light source and 
carrying information on each wwee- 
length, one can transmit wavelength- 
division multiplexed optical signals in 
an optical fibre using a single 
light source. 
Super-continuum is a type of light 
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that is emitted when powerful, short 
light pulses are introduced into a 
nonlinear optical medium. Super- 
continuum has a continuous optical 
spectrum while maintaining its short 
pulse nature at each wavelength, see 
Figure 3. In the experiment, a low- 
dispersion optical fibre was used as a 
nonlinear optical medium into which 
erbium-doped fibre laser pulses were 
input to generate low-noise, ultra- 
wideband super-continuum with a 
spectrum range of 200 nm (25 
THz). Arbitrary multiple-wavelength 
components can easily be selected by 
optical filters within the generated 
wavelength range. 
Since the super-continuum light 
source can generate multiple-wave- 
length short optical pulses at arbi- 
trary wavelength and its wavelength 
stability is ten times that of the 
conventional semiconductor laser 
sources, the super light source is 
expected to play a major role in 
realizing low-cost and highly-reliable 
large capacity transmission based on 
optical time-divisionmultiplexing a d 
wavelength-division-multiplexing. 
ii. Development of all optical time- 
division-multiplexing and demulti- 
plexing technology 
The following NTF technologies, 
which have been developed and 
improved through 100 Gbit/s trans- 
mission over 500 km and 200 Gbit/s 
transmi.~sicxl over 100 km, are. used 
for optical timeMivision-multiplexing 
and demultiplexing. 
a. Prescaled PLL timing extraction 
The optical receiver requires a 
NTT has already confirmed that the 
PLL timing extraction circuit and all 
optical time-division demultiplexer 
are able to function at 400 Gbit/s 
and 200 Ghit/s, respectively. NTT 
plans to continue R&D efforts to 
develop an optical transmission sys- 
tem exceeding 1T bit/s. 
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Figure 3. Schematic of 400 Gbit/$ optical time-division-multiplexed / wave- 
length-division-multiplexed transmission. 
timing extraction circuit for detect- 
ing an optical 
signal arrival thne that tends to 
fluctuate after transmission of long 
optical fibres. The present timing 
extraction circuit called prescaled 
PLL (phase lock loop) that utilizes 
nonlinearity of a semiconductor laser 
amplifier, directly detects at each 
wavelength, a 6.3 GHz clock, a 16th 
of 100 Gbit/s, which follows timing 
fluctuation of the original 100 Gbit/s 
signals. 
b. Optical TDM demultiplexer 
(TDM-DEMUX) 
The optical TDM demultiplexer 
demultiplexes time-division-multi- 
plexed 100 Gbit/s signal into 16 
channels of 6.3 Ghit/s signals. The 
device utilizes four-wave mixing light 
generation technology, which gener- 
ates a wavelength-converted light by 
mixing the signal with two control 
pulses in a nonlinear optical medium. 
The 6.3 Gbit/s demultiplexed signal 
is obtained by introducing 6.3 GHz 
control pulses and making them 
over lapped in t ime wi th  the 
100 Gbit /s  t ime-division-multi-  
plexed signal every 16 signal pulses. 
Future plans 
Since the newly developed super- 
continuum light source can easily 
generate short pulses of less than 
one  picosecond, which is shorter 
than the original pump optical pulses, 
it is possible to increase the bit-rate 
of a single wavelength channel by 
time-division-muhiplexing. By com- 
b in ing  wave length -d iv i s ion -  
multiplexing with time-divisionmulti- 
plexing within the 200 nm wave- 
length range, it is believed that the 
potential transmission capacity of the 
super source will exceed 5Tbit/s. 
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